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Lariat ethers with pendant amide groups have shown promise as new ion sensors because of
their selectivity towards particular metal ions. In this study we report alkali and alkaline earth
metal binding selectivities of dibenzo-16-crown-5 and fifteen dibenzo-16-crown-5 lariat ether
amides (LEAs) as determined by electrospray ionization mass spectrometry (ESI-MS). Addi-
tionally, the influence of the acid/base nature of the solution on metal cation selectivity is
investigated. The validity of using ESI-MS for determination of selectivities is established by
analogous experiments using hosts with known binding constants for the same metal cations
and solvent systems. Collisionally activated dissociation (CAD) is used to evaluate the
influence of the alkali metal cation binding on the fragmentation of the LEAs. (J Am Soc Mass
Spectrom 2003, 14, 1215–1228) © 2003 American Society for Mass Spectrometry
Electrospray ionization mass spectrometry (ESI-MS) [1–4] has been utilized successfully to ana-lyze of a wide variety of noncovalent complexes
[5–7], such as those formed in host–guest chemistry.
Numerous recent studies have established that the
equilibrium distribution of complexes in solution is
reflected in the intensities of host–guest complexes
observed in the ESI mass spectra [8–40]. To determine
binding selectivities in host–guest chemistry, the inten-
sities of complexes produced by ESI of solutions con-
taining known concentrations of one host and multiple
guests are compared. ESI-MS analysis of binding selec-
tivities has several advantages over the more conven-
tional potentiometric, spectrophotometric and NMR
titrimetric methods [41], such as reduced sample con-
sumption, tolerance of a wide variety of solvent condi-
tions, and reduced analysis times.
An ESI-MS method for measuring condensed-phase
selectivities has been extensively investigated in our
laboratory for hosts, such as crown ethers and other
macrocycles, with guests like alkali metal, transition
metal, heavy metal, and ammonium cations [24–35].
The ESI-MS method is most successful for comparison
of host selectivities for a series of similar cations,
resulting in the analysis of complexes with similar
solvation energies. In these cases, the resulting ESI mass
spectral distributions of complexes generally agree well
with the equilibrium distribution of complexes in solu-
tion, allowing the correlation between host structure
and selectivity to be investigated. The electrospray
efficiencies of ions in ESI-MS are directly related to
signal intensities:
Ii kiCi
where Ii is the signal intensity for an ion, ki is the
electrospray efficiency, and Ci is the concentration of
the ion in solution. Van Dorsselaer and co-workers
established that the electrospray efficiency of an ion is
related to its solvation energy [17], and showed that
complexes that contain host molecules, such as crown
ethers, with guest ions, such as metal ions of the same
charge, have similar electrospray efficiencies when ex-
perimental conditions are kept constant, resulting in
ESI-MS signals which correspond closely in relative
intensity to the relative concentrations of the ions in the
solution being analyzed. Where solvation energies are
significantly different, correction factors can often be
determined and applied to achieve a quantitative or
semi-quantitative relationship between peak intensities
and ion concentrations in solution, as shown in this
study. Van Dorssalaer’s work also determined that
roughly a tenfold decrease in electrospray efficiency is
predicted for a 70 kJ/mol increase in ion solvation
energy [17]. However, even in a highly polar solvent
such as water the solvation energies for 222 cryptate
with alkali metal ions varied by only 26 kJ/mol
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throughout the series of complexes (Li through Cs)
[17]. As the average polarity of the solvent system
decreases, one would expect the range of solvation
energies to decrease as well. The measurement of gas-
phase and solution selectivities by mass spectrometry
has been reviewed by Schalley [42, 43].
In the present work, ESI-MS is used to analyze the
alkali metal binding selectivities of dibenzo-16-crown-5
(1) and the fifteen lariat ether amides (LEAs) 2–16
shown in Figure 1 with several aims. The sensitivity of
the ESI-MS method to subtle differences in binding
properties of macrocycles that have similar substituents
is examined, as well as assessing the ability of ESI-MS to
determine pH dependence on binding selectivities of
macrocycles with basic substituents. All fifteen of the
LEAs have the same dibenzo-16-crown-5 skeleton, but
the substituents attached to the center carbon of the
propylene bridge of the crown ether ring differ. One
sidearm is an oxyacetamide with substituents (R and R
groups) on the amide nitrogen of varying length and
number of oxygen binding sites. The second substituent
is either hydrogen or a geminal propyl group. Based on
the diameters of the metal cations (Li  136 pm, Na
 196 pm, K  266 pm, Rb  298 pm, and Cs  330
pm [44]), the cavity diameter of unsubstituted dibenzo-
15-crown-5 (200 to 240 pm [45]) is expected to be
optimal for Na complexation (Figure 2). The present
work focuses on the evaluation of binding selectivities
in solution based on ESI-MS results, in contrast to
binding properties in the gas phase as studied exten-
sively by Armentrout [46] and Dearden and co-workers
[47, 48]. In a gas-phase environment the relative binding
affinities of macrocycles are largely dictated by the
charge densities of the metal ions [46–48], whereas in
the condensed phase, solvation effects increase the
importance of “best fit” considerations, as well as
hydrogen bonding and hydrophobic interactions [41].
The ability of lariat ethers to effectively complex
metals has led to their development and optimization
for use in ion selective electrode membranes [45, 49–54].
Figure 1. Dibenzo-16-crown-5 and lariat ether amides (molecular weight in Da)
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Of the fifteen LEAs shown in Figure 1, 6, 9, 11, 14, and
15 have been investigated previously by conventional
methods [51–54]. Bartsch and co-workers incorporated
each of these five LEAs into PVC membranes and
analyzed their alkali metal cation (Li, Na, and K)
selectivities using potentiometry with the fixed interfer-
ence method in aqueous solutions [55]. Kempen et al.
previously investigated four additional LEAs (2, 3, 4,
and 8) in methanol using ESI-MS to determine their
alkali metal cation selectivities [26]. In the present
study, all fifteen LEAs were evaluated in methanolic
solutions with alkali metal cations, Mg2, and Ca2,
and as a function of the acid/base nature of the solu-
tion, thus extending the study of lariat ether amide
selectivities to solvent systems that are difficult to
analyze by potentiometry, but well suited to ESI-MS
analysis.
From the potentiometric measurements in aqueous
solution by Bartsch and co-workers [51–54], the
Na/K selectivity of the LEAs increase in the order: 6
< 9 < 14 < 11 < 15. The order of increasing Na/Li
selectivity was found to be: 11 < 15 < 6 < 14 < 9. For
all five LEAs, the order of binding constants was
determined to be Na  K  Li. Among the conclu-
sions drawn from these results was that the addition of
the geminal propyl arm enhanced selectivity for Na
over K, but diminished the selectivity for Na over
Li. In general, the presence of a propyl group geminal
to the oxyacetamide substituent encourages optimal
pre-organization of the ether amide pendant group over
the cavity, enhancing the overall Na/K selectivity
and reducing the Na/Li selectivity. However, fur-
ther lengthening or branching of the geminal arm does
not significantly alter selectivity [45, 49–54]. The
changes in selectivity observed for geminal arm addi-
tion are short range in nature and do not extend
significantly beyond the third methylene group. For the
host molecules used in these previous studies by the
Bartsch group, Na/Rb, Na/Cs, Na/Mg2, and
Na/Ca2 selectivities were determined only for LEAs
14 and 15 [53]. For Na/Rb, Na/Cs, and Na/
Ca2, 15 always showed a greater selectivity for Na
than 14, although the Na/Mg2 selectivities of both
macrocycles were the same, within experimental uncer-
tainty. The binding constant orderings for 14 and 15
were 14: Na  K  Rb  Cs  Li  Ca2 Mg2
and 15: Na  K  Rb  Li  Cs  Ca2 Mg2,
respectively.
Experimental
Mass Spectrometry
All mass spectrometric measurements except the colli-
sionally activated dissociation (CAD) experiments were
performed with a Finnigan ion trap mass spectrometer
(ITMS) (ThermoFinnigan, San Jose, CA) operated in the
mass selective instability mode with modified electron-
ics to allow axial modulation and equipped with an
in-house built electrospray source. The electrospray
interface was based on a design developed by Oak
Ridge National Laboratories (Oak Ridge, TN) with a
differentially pumped region containing ion-focusing
lenses [56]. Neither a heated desolvation capillary nor a
sheath-flow gas were used on the ITMS. For solution
deliveries, the syringe pump system (Harvard Appara-
tus Inc., Holliston, MA) was operated at a flow rate of
2.0 l/min. The ESI needle voltage was 3.4 kV. Each
spectrum was an average of data from 150 scans.
Selectivity versus acidity data were from single exper-
iments, while other mass spectrometry data were aver-
ages from three experiments on different days. The
MS/MS experiments were performed on a Ther-
moFinnigan LCQ Duo mass spectrometer. The heated
capillary was set at 125 °C and the sheath gas flow was
20 arbitrary units. The ESI needle voltage was 5.0 kV on
the LCQ Duo. Each spectrum was an average of data
from 600 scans.
For screening of the alkali and alkaline earth metal
cation selectivities of 1–16, solutions containing a single
host with multiple metal cations were analyzed. Solu-
tions containing one part of host and two parts of each
metal cation were analyzed for each LEA in methanol
and methanol/water (3:1, vol/vol). The excess of metal
cations relative to the LEA creates a more competitive
binding environment for complexation with the host
compound. Throughout the study, the concentration of
each host was 5.0  105 M and concentrations of the
metal cations were 1.0  104 M, except in the selectiv-
ity validation experiments (first section of Results and
Discussion), where the concentrations are given. These
concentrations were used to ensure solubility of all salts
Figure 2. Mass spectra of LEAs with alkali metal chlorides in
methanol. (a) 6; (b) 11.
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in the solvent while maintaining conditions for in-
creased selectivity versus solutions containing one part
of host and one part of each guest metal cation. Con-
centrations of H and OH were set by addition of HCl
or hydroxides of the alkali metal cations. Solutions had
nominally neutral pH values unless otherwise indi-
cated. Metal salts used for these experiments were
purchased from Aldrich Chemical Co. (Milwaukee, WI)
and used without further purification. The water used
was 18 M that was purified on site. Methanol was
Certified A.C.S. Spectranalyzed from Fisher. Ligands
1–16 were synthesized in the laboratories of Professor
Richard Bartsch by reported methods [57, 58]. Other
chemicals were 99% pure from Sigma-Aldrich and
used as received. Theoretical values of solution equilib-
ria conditions were obtained using MINEQL solution
equilibria software, version 4.01 (Environmental Re-
search Software, Hallowell, ME).
Ab Initio Calculations
Molecular mechanics conformational searches were
performed using MMFF (Merck) force fields followed
by ab initio calculations using a Restricted Hartree-Fock
model at the 3-21G* level of theory with Spartan 2002
PC software (Wavefunction Inc., Irvine, CA) operated
on a Gateway PC with an Intel Pentium 4 processor.
Results and Discussion
Validation of the ESI-MS Method for Determining
Selectivities
Although the validity of determining host–guest selec-
tivities by ESI-MS has been confirmed for macrocycles
with alkali and various transition metal cations in
numerous earlier studies by this group [24–35], new
experiments were performed to assess differences in
spray efficiencies for the LEA complexes and to validate
this method for investigation of the alkaline earth metal
cations, Mg2 and Ca2. Since extensive host–guest
binding constant data is available in the literature for
18-crown-6 [59], this macrocyclic polyether was used as
the model host molecule. For example, the intensities of
(18-crown-6  Mg2) and (18-crown-6  Ca2) com-
plexes were examined individually to estimate the ESI
spray efficiencies, and then mixtures containing 18-
crown-6 with both metal species were analyzed and
corrected to reflect the solution equilibria. Table 1
compares the relative peak areas of the signals for the
different complexes in the ESI mass spectra to the
equilibrium distributions calculated in solution using
literature binding constants for 18-crown-6 with Mg2
and Ca2 in methanol (log K for (18-crown-6Mg2) is
3.61 and log K for (18-crown-6  Ca2) is 4.25 [59]).
These results show that the relative signal intensities for
complexes with these metal cations can be used to
semi-quantitatively determine selectivities for solutions
with the solvent systems tested. For complexes where
relative abundances of the ESI-MS signals deviate from
the relative abundances in solution by more than 10%,
as is observed for the Mg2 and Ca2 complexes, the
mass spectral signals must be multiplied by ESI re-
sponse factors to correct for different electrospray effi-
ciencies of the complexes.
For example, from the ESI-MS signal intensities of
the (18-crown-6  Mg2) and (18-crown-6  Ca2)
complexes for solutions containing just a single metal in
excess, it is found that the (18-crown-6  Mg2) com-
plexes spray more efficiently than the (18-crown-6 
Ca2) complexes by a factor of nearly four. Thus, the
difference in spray efficiencies must be calibrated and
normalized by application of appropriate correction
factors (i.e., such as dividing the apparent signal inten-
sity of the Mg2 complex by a factor of nearly four).
After analyzing solutions containing 18-crown-6 and
both metals and applying the appropriate correction
factors, the distribution of Mg2 and Ca2 complexes
shown in Table 1 agree well with the distribution
predicted from the known log K values.
For the LEA complexes, the three-dimensional cavity
effectively solvates the metal cations, thus reducing the
variations in spray efficiencies of the different com-
plexes (Table 2). Shown in Table 2 are the relative signal
intensities obtained upon ESI-MS analysis of solutions
containing one LEA and one metal in excess, with the
final column showing the ratio of intensities obtained
for the Mg2 and Ca2 complexes. This final column, in
which the values are close to 1.0, suggests that the spray
efficiencies for the LEA/alkaline earth metal complexes
are similar, meaning that the correction factors when
comparing the Mg2/Ca2 selectivities of the LEAs are
minimal. Estimated errors in both mass spectrometri-
Table 1. Distributions for (18-crown-6  alkaline earth metal cation) complexes
Percentage
(18-crown-6  Mg2)
Percentage
(18-crown-6  Ca2)
Calculated distribution from log K values in solutiona 20 80
Distribution from ESI-mass spectrab 46 54
Distribution from ESI-mass spectra with correction for spray efficienciesc 18 82
aCalculated using log K (18-crown-6  Mg2)  3.61 and log K (18-crown-6  Ca2)  4.25 in methanol [59].
bConcentrations were 3  104 M in MgCl2, 3  10
4 M in CaCl2, and 5  10
5 M in 18-crown-6. Standard deviations were  8%.
cCorrections were made by multiplying the uncorrected integrated intensities of (18-crown-6Mg2) and (18-crown-6 Ca2) by the ratio of signals
obtained for the same complexes in solutions of 6  104 M MgCl2: 5  10
5 M 18-crown-6 (12:1), and 6  104 M CaCl2: 5  10
5 M 18-crown-6
(12:1), respectively.
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cally determined and theoretically calculated distribu-
tions in Tables 1 and 2 are similar, with peak area and
literature binding constant uncertainties both at about
8% relative error.
Alkali Metal Cation Selectivities
Examples of ESI-mass spectra obtained for solutions
containing LEAs 6 and 11 with the five alkali metals in
methanol are shown in Figure 2. The distributions of
signal areas were obtained for the alkali metal com-
plexes of 1–16 with two-fold excesses of LiCl, NaCl,
KCl, RbCl, and CsCl in methanol. All of the hosts
shown in Figure 1 exhibited the same order of alkali
metal cation selectivity: Na  K  Rb  Cs  Li.
The relative percentage of lariat ether bound to Li,
Rb, or Cs showed little fluctuation throughout the
series of macrocycles, with the intensities ranging from
7 to 14% for the Rb complexes, 1 to 8% for the Cs
complexes, and 1 to 7% for the Li complexes. This
selectivity order follows the trend expected from the
ionic diameters of the metal cations (diameters given in
introduction) versus the inner diameter of the dibenzo-
16-crown-5 ring (200–240 pm) [44, 45]. Molecular mod-
els of LEA 2 with Na, K, and Rb generated by ab
initio calculations show that Na nests within the plane
of the ring, while K and Rb perch with their centers
outside the plane of the ring (models not shown). Rb is
too large to fit within the three-dimensional cavity
formed by the crown ether ring and the pendant
oxyacetamide arm and must bind to the side of the
polyether ring opposite to this pendant arm.
Since the LEAs show the greatest affinity for Na
and K, the Na/K selectivity is plotted in Figure 3 to
allow scrutiny of the degree of selectivity as a function
of the pendant groups of the lariat ethers. A large
degree of variation is seen for the LEAs, with Na/K
values that range from 1.8 to 6.1, although eleven of the
lariat ethers have similar selectivities, in the range of 1.8
to 2.9. Variations in Na/K selectivity are primarily
due to the degree of interaction of the pendant arm with
Na and K [48–54]. Enhancement in the Na/K
selectivity due to the presence of the geminal propyl
arm is observed for 4 versus 2, 8 versus 3, 11 versus 6,
and 15 versus 14. The propyl arm is thought to enhance
Na selectivity through steric effects that force the
amide-containing pendant arm closer to the center of
the cavity of the crown ether ring. The LEAs with the
greatest Na/K selectivities are those with hydrogens
or methyl groups on the amide nitrogen and a geminal
propyl arm, namely 4 and 8 with Na/K selectivities
of 4.7 and 6.1, respectively. The effects of geminal or
N,N-di-substituted alkyl groups of the oxyacetamide
pendant arm found in this study support the relative
selectivities previously observed by the Bartsch group
for LEAs in acidic aqueous solution with ion selective
electrodes [52–54]. In methanol, the addition of an
oxyacetamide pendant arm with one alkyl group
slightly decreases the Na/K selectivity versus that of
1 with no pendant arms. LEAs with N,N-di-substituted
oxyacetamide pendant arms with short R groups (1 to 2
methylene units per R group) show Na/K selectivi-
ties similar to those with oxyacetamide pendant arms
containing one alkyl group 2 to 5 methylene units in
length. When the alkyl groups on the N,N-di-substi-
tuted amide group reach four to five carbons in length,
the Na/K selectivity drops noticeably compared to
LEAs with mono-substituted amide groups or those
with di-substituted amide groups and shorter alkyl
groups. It is surmised that the N,N-di-substituted amide
decreases Na/K selectivity through steric effects in
which the bulky N,N-amide substituents force the
amide-containing pendant arm farther from the center
of the cavity of the crown ether ring, thus reducing the
Table 2. Comparisons of distributions of metal cation complexes from mass spectral signal areas
LEA
12:1 MgCl2:Host
a
(LEA  Mg2)
12:1 CaCl2:Host
a
(LEA  Ca2)
Signal Area Ratio
(LEA  Mg2)/(LEA  Ca2)
4 33 38 0.88
6 38 39 0.98
11 40 44 0.90
14 41 34 1.2
15 31 26 1.17
Average signal area ratio (standard deviation) 1.03 (0.15)
aLEA concentration is 5  105 M in methanol; standard deviations of 8%.
Figure 3. Na/K selectivity ratio of lariat ethers in methanol in
order of increasing selectivity (L  lariat ether).
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degree of interaction between the carbonyl oxygen and
the metal cation. Substituting an ether oxygen for a
methylene group in the N,N-di-substituted amide (13
versus 12 and 10 versus 6 and 16 versus 14) regains
some of the Na/K selectivity lost by the purely
hydrocarbon groups because of the nucleophilic attrac-
tion of the oxygens for the higher charge density of Na
versus K. Ultimately, whether the amide group is
mono- or di-substituted does not seem to have a signif-
icant impact on Na/K selectivity based on the similar
selectivities determined for 9, 5, and 7 versus 3 and 6.
Rather, the total number of methylene groups (i.e.,
steric bulk) attached to the amide nitrogen is the more
important factor.
In general, the presence of a geminal propyl group in
the LEA significantly enhances the Na/K selectivity,
while increasing the number of methylene groups sub-
stituted on the amide nitrogen significantly decreases
the Na/K selectivity. Thus, the LEAs are versatile
and highly “tunable” selectivity agents for Na versus
other alkali metal cations. The overall Na/K selectiv-
ity of the LEAs in methanol is observed to be higher
than for the lariat ethers with poly(oxa-alkyl) groups
that were studied previously by the Brodbelt and Bar-
tsch groups [33, 35]. The latter were found to have
Na/K selectivity values from 0.8 to 4.0 versus 1.8 to
6.1 for the N,N-dialkyl LEAs.
Effect of Solution Acidity/Basicity on Metal
Selectivities
Because the LEAs may be protonated, the acid/base
nature of the solution could play a major role in their
binding properties. ESI-MS was used to analyze solu-
tions in which the hydrochloric acid and hydroxide
content varied. The notations p[H]0 and p[OH
]0 refer
to the negative logarithm of the total concentration of
HCl or hydroxide salt added, respectively. Figure 4
shows ESI-mass spectra for LEA 6 at two contrasting
acid conditions. A significant shift in the distribution of
complexes is observed in Figure 4a and b, with only the
Na complex surviving to a notable extent with the
p[H]0  2.0. The variation in Na
/K selectivity is
summarized in more detail as a function of the p[H]0
for LEA 6 and several other LEAs in Figure 5a. An alkali
metal cation selectivity order of Na  K  Rb  Li
with a Na/K selectivity of approximately 2.5 persists
in nominally basic (p[OH]0  3.4) and neutral ([H
] 
[OH] 	 0) solutions. However, in going from nominal
p[H]0 values of 5.0 to 3.0, the Na
/K selectivity
increases to greater than 4.0, then increases to Na/K
selectivity values over twenty between p[H]0 values of
2.5 to 2.0. We speculate that in basic and mildly acidic
solutions, alkali metal complexation is able to effec-
tively compete with protonation of the oxyacetamide
nitrogen due to the conformational pre-organization
that occurs because of the close proximity of the amide
pendant arm to the metal cation binding macrocyclic
cavity of the lariat ether amide, thus favoring metal
complexes. As the p[H]0 value progresses to less than
3.0, only Na, with a size best suited to both the
polyether ring cavity diameter and coordination with
the amide oxygen over the ring, is able to compete
successfully with protonation of the amide nitrogen.
Very similar results were obtained for the other LEAs
tested (5, 9, and 14). The Na/K selectivity results
obtained as a function of p[H]0 for all four LEAs tested
in methanol are shown in Figure 5a. Na/K selectiv-
ities for 6 and 14 in methanol/water (3:1, vol/vol) are
shown in Figure 5b.
To confirm that the large increase in Na/K selec-
tivity observed for solution acidities with p[H]0 values
less than 3.0 was indeed due to a change in binding
selectivity rather than an effect of the acidic conditions
on the electrospray process, the complexation of 12-
crown-4 and dibenzo-18-crown-6 was analyzed as con-
Figure 4. ESI-mass spectra of LEA 6 with alkali metals at various acidities. (a) p[H]0  5.0; (b)
p[H]0  2.0.
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trol systems under acidic conditions (Figures 5a and 5c).
The degree of change in Na/K selectivity for these
two macrocycles from neutral conditions to p[H]0 
2.0 is very small, with the majority of 12-crown-4 and
dibenzo-18-crown-6 molecules becoming protonated in
solution and no major shift observed in the preference
for complexation of Na or K.
In addition, solutions in which the nominal p[H]0
was varied while holding the ionic strength constant
were analyzed to evaluate the impact of ionic strength
on the Na/K selectivities. The complexation of 5 and
dibenzo-18-crown-6 were both tested at p[H]0 values
of 5.0, 4.0, 3.5, 2.5, and 2.0 with tetramethylammonium
iodide present at concentrations necessary to maintain a
constant ionic strength of 0.0104 M. As the acid content
of the solution is increased, a large increase in Na/K
selectivity from six to greater than twenty still occurs
for 5, while the Na/K selectivity of dibenzo-18-
crown-6 remains constant at about 1.6 (Figure 5c). This
is supporting evidence that the observed change in
Na/K selectivity of the LEAs results from a change
in their chemical properties rather than an artifact of the
electrospray process. The effect is presumably due to
the preferential protonation of the amide nitrogen over
complexation of Li, K, or Rb, with an effective
competition between protonation and metal cation
complexation only for Na, the metal cation that is most
strongly bound.
Note that artificially increasing the ionic strength, as
done for the experiments whose results are illustrated
in Figure 5c, may also cause an impact on the observed
Figure 5. Relative Na/K selectivities of macrocycles versus acidity (L  macrocycle). (a)
Methanol, (b) methanol/water (3:1, vol/vol); (c) methanol with ionic strength maintained at 0.0104 M
with (CH3)4NI; (d) methanol with and without ionic strength maintained at 0.0104 M with with
(CH3)4NI.
Figure 6. Ca2/Mg2 selectivity of lariat ethers in methanol in
order of increasing selectivity (L  macrocycle).
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selectivities of the macrocycles. This effect is related to
the mechanism of the ESI process and the suppression
or enhancement of specific ions emerging from the
spray due to their surface activities. For example, add-
ing the trimethyl ammonium chloride to the solutions
of the alkali metal chlorides with dibenzo-18-crown-6
causes a consistent increase in the Na/K selectivities
relative to those observed for solutions in which the
auxiliary electrolyte was not added, as illustrated in
Figure 5d.
It should be noted that during the electrospray
process, the acidity of the emerging droplets will be
altered relative to that of the bulk solution due to the
evaporation of solvent and HCl from the electrospray
droplets and proton generation due to electrochemical
processes [60–66]. Faster evaporation of the solvent
relative to that of HCl would mean that the total
concentration of protonated species in the droplets
would increase with time. According to Cook and
co-workers, the decrease in the pH of aqueous solution
droplets, initially at pH 6.89, at 2.0 mm from the ESI
needle tip with a 3.5 kV needle voltage is about 0.60
pH units [60]. Similar results were reported by Wang
and Agnes in which the gas-phase concentrations of
EDTA-metal ion complexes generated by ESI-MS from
an aqueous solution at a needle voltage of3.2 kV were
found to exist at concentrations resembling those ex-
pected for solution acidities less than a pH unit higher
than bulk solution from pH 5 to 8 [61]. However, at pH
values lower than 5 and higher than 8, the EDTA-metal
complexes in the gas-phase were present at concentra-
tions nearly identical to the bulk solution, showing the
ESI process had no significant influence on EDTA-metal
concentrations [61]. Also, it should be considered that
even though the ESI process may increase the acidity of
the droplet environment, the metal ion concentration
will also increase as the solvent evaporates from drop-
lets. Taking all of these influences during the ESI
process into consideration, the increase in proton con-
centration due to solvent evaporation should be bal-
anced in part by a simultaneous increase in metal salt
concentration and generation of protons in the methan-
olic solutions by the electrochemical reactions of ESI.
The ESI-MS method seems to be an effective way to
rapidly screen acid/base effects on the Na/K selec-
tivities of macrocycles, while conventional potentiomet-
ric methods can be reserved for more quantitative
studies of the most relevant macrocycles as identified
by the initial ESI-MS evaluation.
Based on the results shown in Figures 4 and 5, the
LEAs are found to become highly Na selective under
moderately acidic solution conditions (p[H]0 
 3.0).
Even in competition with proton binding, Na is still
able to maintain a stable complex involving the lariat
ether through interaction with the carbonyl oxygen of
the amide and the oxygen atoms of the macrocyclic
ring. K is too large to interact well with the amide
oxygen, and the protonation of the amide nitrogen is
preferred over K complexation. It appears that Na is
able to maintain interaction with the lariat ether to a
greater degree than the other alkali metal cations in the
presence of the amide nitrogen protonation equilibrium
due to the higher association constant for Na. The
LEAs have a small variation in Na/K selectivity in
solutions of low to moderate acidities, which is a
valuable property in ion selective electrodes. They also
show structural stability and a large shift to higher
Na/K selectivities at high acidities.
Alkaline Earth Metal Cation Selectivities
In a manner similar to that described for the experimen-
tal determination of the alkali metal cation selectivities,
ESI-MS was used to evaluate the selectivities for the
alkaline earth metal cations, Mg2 and Ca2. The range
in variation observed for the Ca2/Mg2 selectivities
(i.e., 3 to 6) of the LEAs is similar to the range observed
for the Na/K selectivities (2 to 6). Ca2/Mg2 selec-
tivity appears to be largely related to the overall size of
the LEA. The general selectivity preference of the LEAs
towards complexation with Ca2 rather than Mg2 can
be understood in part because of the ionic radii of the
cations. Figure 7 shows ab initio molecular models of 2
complexed with Mg2 and Ca2. The much smaller
radius of Mg2 compared to Ca2 (78 and 106 pm,
respectively [44]) requires significant distortion of the
macrocyclic ring to attain a stable complex. However,
the Ca2 radius is only 6% larger than that of Na, so
the size of Ca2 is still quite a good fit for the three
dimensional cavity of the LEA.
The geminal propyl arm present on 4, 8, 11, and 15
Figure 7. Ab initio molecular models of 2 with Mg2 and Ca2
ions. Black  oxygen, gray  carbon, light gray  nitrogen,
hydrogens omitted for clarity. Models on the left and right are
rotated 90o around their vertical axis.
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has much less impact on selectivity with the alkaline
earth metals than was observed with the alkali metals.
The ionic radii of Na, Mg2, and Ca2 are much
smaller than the ionic radius of K. Thus, although the
diameter of K is significantly larger than the diameter
of the 16-crown-5 ring of the lariat ethers, the diameters
of the other three ions are all small enough to nest
within the lariat ether ring cavity. The geminal arm
affects selectivity via steric effects which position and
effectively decrease the distance between the amide
containing pendant arm and the center of the crown
ether ring cavity. Ions of ionic radii much larger than
Ca2 will be excluded to a significant extent because of
a poorer fit in the resulting cavity of smaller volume. As
a result, structural changes made directly to the amide
containing pendant arm become more significant.
The increase in Ca2/Mg2 selectivity with increas-
ing size or mass of the lariat ether likely involves
several factors. Because the alkaline earth dications
have over twice the charge density of their correspond-
ing alkali metal cations, polar solvent molecules with
large dipole moments more readily displace the fairly
non-polar pendant groups from binding Mg2. Also,
the different charge densities of the metal ions influence
the degree to which the larger substituents on the
amides interact with the relatively non-polar crown
ether ring, the benzo-rings, and the solvent. When a
LEA is complexed with Na or K, the larger alkyl
groups may have hydrophobic interactions with the
less polar crown ether and benzo-rings in preference to
the highly polar methanol solvent, and will do so more
favorably with K due to its lower charge density.
Conversely, when the LEAs are complexed with Mg2
or Ca2, the higher charge density of these dications
may decrease this tendency for interaction of the alkyl
amide substituent with the macrocycle, causing the
alkyl groups to be preferentially solvated and pulling
the oxyacetamide pendant arm away from the crown
ether ring. Therefore, the LEAs with larger substituents
will favor Ca2 complexation over Mg2.
Collisionally Activated Dissociation of the Lariat
Ether Complexes
Collisionally activated dissociation (CAD) experiments
were undertaken for the alkali metal complexes with
seven of the macrocycles to evaluate the fragmentation
pathways as a function of the type of metal cation
bound to the macrocycle, with comparison to the frag-
mentation patterns of the protonated macrocycles. Rep-
resentative spectra are shown in Figures 8, 9, 10 for
three protonated, Li-cationized, and K-cationized
lariat ethers. CAD results for the protonated LEAs are
summarized in Table 3. Structures that fit many of the
observed m/z values of the fragment ions are proposed
in Scheme 1. Several common fragment ions are ob-
served upon CAD of the protonated lariat ethers, in-
cluding ions at m/z 219 and 175 (Structures A1 and A2
in Scheme 1) and ions at m/z  181 and 137 (Structures
B1 and B2 in Scheme 1). Structures A1 and A2 and
likewise B1 and B2 differ by a C2H4O unit, a common
polyether subunit. These ions may cyclize and are
characteristic of the benzo-crown ether skeletons of the
lariat ethers. There are also common neutral losses for
many of the protonated lariat ethers. Common losses
include the elimination of 110 or 154 Da (C1 and C2,
differing by a C2H4O unit) or loss of 136 or 180 Da (D1
and D2, differing by a C2H4O unit). These neutral
products are illustrated in Scheme 1 and involve elim-
ination of a phenyl ring from the protonated lariat
ether. The other major dissociation pathways involve
loss of the pendant arm (Structure E in Scheme 1). Table
3 summarizes the occurrence of these various pathways
for six of the protonated LEAs in addition to dibenzo-
16-crown-5. It is clear that there is a distribution of
fragments involving loss of half of the dibenzo-16-
crown-5 macrocyclic skeleton in addition to those frag-
ments that only involve loss of the pendant group or
part of the pendant group.
The fragmentation patterns of both the Li and Na
complexes are generally similar for each lariat ether, so
these will be discussed together. There are four path-
ways observed for the Li complexes. One dominant
process involves loss of the pendant arm(s) with the
Figure 8. CAD mass spectra of complexes of LEA 2. (a) (2H);
(b) (2  Li); (c) (2  K).
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propyl bridge of the crown ether ring, resulting in the
intense product ion at m/z 296 for the Li complexes in
Figure 8b, 9b, and 10b (refer to Scheme 2). The second
main process involves loss of just the amide pendant
group, resulting in the product ion at m/z 335 in Figures
8b and 9b and the ion at m/z 377 in Figure 10b for the
propyl substituted lariat ether (Scheme 2). The loss of 28
Da is also consistently observed for the Li and Na
complexes (Figures 8b and 9b). Based on MS/MS/MS
experiments, this loss of 28 Da was confirmed to be the
elimination of C2H4, not the loss of CO. For example, if
the primary fragment ion at m/z 438 in Figure 9b is
isolated and activated, this ion dissociates by loss of the
entire amide substituent, thus confirming that the car-
bonyl group is still retained in the ion at m/z 438. The
fourth common dissociation pathway of the Li-cation-
ized complexes involves the loss of 136 Da, which is
attributed to the neutral loss D1 illustrated in Scheme 1.
Most of the dominant fragmentation pathways for the
Li and Na complexes involve loss of all or some
portion of the pendant group, thus leading to product
ions that are observed with significantly higher mass-
to-charge ratios than those observed for the protonated
lariat ethers. Pathways that involve cleavages of the
macrocyclic skeleton (i.e., ones that produce fragment
ions at lower mass-to-charge values) are far less favor-
able than observed for the protonated lariat ethers.
The K complexes generally do not dissociate by the
same pathways seen for the protonated, Li or Na
complexes. In fact, the K complexes for several of the
LEAs and dibenzo-16-crown-5 dissociate predomi-
nantly by elimination of K, resulting in no structurally
diagnostic ions nor involving covalent bond cleavages
of the macrocycle. This type of disassembly is charac-
teristic of loosely bound noncovalent complexes in
which the total energy of the macrocycle/K bonds is
substantially lower than the energies of the covalent
bonds of the macrocycle. For a few of the lariat ethers,
namely 2, 6, 9, and 14, a common dissociation pathway
is loss of 57 Da, presumably due to elimination of
C3H5O
 from the macrocyclic skeleton (Scheme 2). This
pathway is unlike any of those observed for the Na
and Li complexes and suggests that K, when bound
more strongly to the LEA, may be anchored to a
different site than that of the smaller, more charge
dense metal cations.
The Rb and Cs complexes generally dissociate
solely by elimination of the metal cation. This fragmen-
tation pathway is typical for weakly bound complexes.
In summary, the types of fragmentation patterns
Figure 9. CAD mass spectra of complexes of LEA 6. (a) (6 
H); (b) (6  Li); (c) (6  K).
Figure 10. CAD mass spectra of complexes of LEA 11. (a) (11 
H); (b) (11  Li); (c) (11  K).
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observed vary dramatically for the protonated lariat
ethers relative to the metal-cationized complexes. Frag-
mentation involving cleavages of the covalent bonds in
the macrocyclic skeleton is much more pronounced for
the protonated lariat ethers. The diverse array of frag-
mentation pathways for the protonated lariat ether
suggests that the proton is mobile upon activation of the
complex or that the proton may initially be localized at
several different sites prior to activation. The Li and
Na complexes dissociate preferentially by elimination
of the pendant groups, suggesting that the metal cation
is nested in the cavity of the macrocycle. The complexes
involving the larger alkali metal cations typically disas-
semble upon activation, implying weakly bound com-
plexes.
Conclusions
In summary, the ESI-MS method proves to be an
efficient way to evaluate the acid/base dependence of
metal binding and to screen the alkaline earth metal
cation selectivities of novel macrocyclic hosts, thus
further extending the range of applications of the
ESI-MS method for problems related to host–guest
complexation and ligand selectivity. Dibenzo-16-
crown-5 lariat ethers with amide pendant arms show a
Table 3. CAD results for protonated dibenzo-16-crown-5 and LEAs (mol weight)
Fragment ion
Relative intensitya
1
(330)
2
(403)
5
(445)
6
(459)
9
(473)
11
(501)
14
(543)
P - H2O
b    
A1     
A2     
B1       
B2 
P - C1     
P - C2    
P - D1     
P - D2   
E      
a  dominant products with intensities that are 50% of the base peak,   products with intensities that are 10–50% of the base peak, 
 low intensity products.
bP  protonated molecule.
Scheme 1. Common product ions and neutral losses observed in
the CAD mass spectra of protonated LEAs.
Scheme 2. Predominant product ions observed in the CAD mass
spectra of alkali metal complexes.
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selectivity order towards alkali metal cations of Na 
K  Rb  Cs  Li, with relatively weak compl-
exation of Rb, Cs, and Li. Addition of an oxyacet-
amide group and a propyl group as geminal side arms
on the dibenzo-16-crown-5 lariat ether framework en-
hances the Na/K selectivity in all cases, but the
enhancement is greatest when the amide group is
di-substituted with two methyl groups. Protonation of
the amide nitrogen enhances the Na/K selectivity of
the LEAs by up to an order of magnitude. This enhance-
ment results from protonation of the amide nitrogen
which precludes Li, K, or Rb cation binding by the
amide pendant group. The protonation electrostatically
repels metal cations that do not nest as well as Na in
the dibenzo-16-crown-5 cavity, while only Na can
compete against protonation for complexation of the
macrocycle.
Binding of Ca2 over Mg2 is favored by all the
LEAs in methanol, as observed in the studies in aque-
ous solution conducted by Bartsch and coworkers [53].
Ca2/Mg2 selectivity generally increases with the in-
creasing mass of the LEA, in contrast to the Na/K
selectivity. Also, Ca2/Mg2 selectivity is unaffected by
the presence of a geminal propyl group on the LEAs.
Li and Na remain bound to the macrocyclic cavity
upon activation of the complexes, while K and larger
alkali metal cations are mainly ejected during CAD. The
different fragmentation patterns observed for the pro-
tonated LEAs versus the Li- and Na-cationized LEAs
supports different binding sites.
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